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RADIOCARBON DATING OF ALKENONES FROM MARINE SEDIMENTS:
III. INFLUENCE OF SOLVENT EXTRACTION PROCEDURES ON 14C 
MEASUREMENTS OF FORAMINIFERA
Naohiko Ohkouchi1,2 • Timothy I Eglinton1,3 • Konrad A Hughen1 • Ellen Roosen4 • 
Lloyd D Keigwin4
ABSTRACT. As a result of the growing use of multiple geochemical proxies to reconstruct ocean and climate changes in the
past, there is an increasing need to establish temporal relationships between proxies derived from the same marine sediment
record and ideally from the same core sections. Coupled proxy records of surface ocean properties, such as those based on
lipid biomarkers (e.g. alkenone-derived sea surface temperature) and planktonic foraminiferal carbonate (oxygen isotopes),
are a key example. Here, we assess whether 2 different solvent extraction procedures used for isolation of molecular bio-
markers influence the radiocarbon contents of planktonic foraminiferal carbonate recovered from the corresponding residues
of Bermuda Rise and Cariaco Basin sediments. Although minor ∆14C differences were observed between solvent-extracted
and unextracted samples, no substantial or systematic offsets were evident. Overall, these data suggest that, in a practical
sense, foraminiferal shells from a solvent-extracted residue can be reliably used for 14C dating to determine the age of sedi-
ment deposition and to examine age relationships with other sedimentary constituents (e.g. alkenones).
INTRODUCTION
Determination of accurate chronologies for sedimentary sequences is a key prerequisite for interpre-
tation of these records in relation to climate history. The measurement of radiocarbon abundance in
planktonic foraminiferal shells has proven to be a particularly effective means of developing age
models for marine sediments deposited over the late Quaternary (e.g. Bowman 1990; Bradley 1999).
This approach is also appealing because the relative abundance, stable carbon and oxygen isotopic,
and elemental compositions of these same microfossils yield important proxy records of surface
ocean properties.
More recently, molecular proxies utilizing the abundance and isotopic compositions of organic com-
pounds have become an integral component of paleoceanographic studies (e.g. Brassell 1993; Harris
et al. 1996; Pagani et al. 2002; Ohkouchi et al. 1997; Sinninghe Damsté and Köster 1998; Hughen
et al. 2004), and the use of multiple proxies to reinforce paleoclimate interpretations and to derive
new parameters is now commonplace (e.g. Meyers 1997; Rostek et al. 1993).
Ideally, multiproxy sediment records should be developed based on parallel measurements of the
same sediment samples. This is particularly important in instances where microfossil and molecular
data are used in concert to derive new information (e.g. Rostek et al. 1993; Hughen et al. 2004).
Measurements on the same samples are also desirable to conserve sediment where available sample
quantities are limited. Lastly, it is becoming increasingly apparent that it is important to establish
age relationships between proxies in the same sediment record (Ohkouchi et al. 2002; Mollenhauer
et al. 2003; Mollenhauer et al. 2005). Historically, however, measurements based on forams are typ-
ically undertaken independently of those for molecular proxy measurements due to different stor-
age, processing, and analytical practices.
This study was designed to examine the effects of conventional organic geochemical procedures
(solvent extraction) used to isolate molecular biomarkers on the carbon isotopic composition (14C,
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13C) of foraminiferal carbonate residing in the resulting sediment residue. We applied 2 different
types of common solvent extraction techniques: one is Soxhlet extraction, a conventional method to
extract lipids from the sediments, and the other is accelerated solvent extraction (ASE), a more rapid
technique that has recently been established (Richter 1999) and has gained popularity in molecular
proxy-based paleoclimate investigations (Herbert et al. 1998; Sachs and Lehman 1999). The main
goal was to establish whether or not solvent-extracted residues are suitable materials for the subse-
quent isolation of foraminifera for the purposes of developing sediment 14C chronologies. The study
forms part of an investigation to examine 14C contents of co-occurring planktonic foraminifera and
biomarkers (alkenones) in marine sediments. Companion papers (Ohkouchi et al., this issue; Mol-
lenhauer et al., this issue) describe a method for isolation of one class of molecular biomarkers, the
alkenones, and assess the sources and magnitude of carbon blanks associated with alkenone 14C
analysis.
EXPERIMENTAL
The samples used in this study are sediments from the upper portion (0–2 cm) of a box core
(OCE326-BC9) recovered from the northeastern flank of Bermuda Rise (33°41.6′N, 57°36.7′W,
4517 m water depth) and the 389.5–391-cm depth interval of a piston core (PL07-58PC) from the
central Cariaco Basin (10°40.1′N, 64°58.1′W, 820 m water depth; Hughen et al. 1996). The Ber-
muda Rise sediments were deposited under oxic bottom waters and exhibited carbonate and organic
carbon contents of 18.7 and 0.61%, respectively (N Ohkouchi and T I Eglinton, unpublished results;
Keigwin and Boyle 2000). The planktonic foraminifera Globigerinoides ruber and Globolotaria
inflata are abundant in Holocene sediments from this location. In contrast, Cariaco Basin sediments
were deposited under anoxic conditions and maintain high OC and carbonate contents (2–5% and
20–25%, respectively) from the late glacial through to the present. The planktic foraminifera Globi-
gerina bulloides and G. ruber are abundant, particularly following deglaciation (0–15,000 cal BP),
and show excellent preservation (Hughen et al. 1996). Sediments were obtained from approximately
10,500 cal BP, and each sample comprised 10–15 yr of deposition.
The sediments were homogenized by a spatula and air-dried (50 °C) before being separated into
3 aliquots. The first aliquot (~20 g) was placed in a precleaned cellulose thimble and extracted
using a Soxhlet apparatus with a solvent mixture of methanol (MeOH) and dichloromethane
(CH2Cl2; 1:3, v/v) for 4 days. In this procedure, the solvent mixture is refluxed; the solvents con-
dense and then percolate through the sample. The solvent and any organic material dissolved in the
solvent then siphons back into the refluxing vessel, where the cycle is repeated. This procedure is
therefore considered mild from a physical standpoint, as well as in terms of the temperatures that
the sediment sample experiences (<50 °C).
The second aliquot was processed by accelerator solvent extraction (Dionex ASE® 200). The sedi-
ment (~10 g) was packed between 2 glass fiber filters (0.7 µm pore size) and clean sand in
stainless steel pressure vessels. Rapid extraction of lipids is achieved by passing MeOH and CH2Cl2
(1:9, v/v) over the sample at elevated temperatures and pressures (1000 psi, 100 °C for 25 min). As
a control, the third aliquot of the sediment was left unprocessed.
The unprocessed (unextracted) sediment and the dried residues from Soxhlet and ASE extractions
were initially sieved to recover a coarse fraction (>63 µm), and planktonic foraminifera were subse-
quently picked from the 100–250-µm or >250-µm fractions. G. ruber and G. inflata were picked
from the Bermuda Rise samples and G. ruber and G. bulloides were picked from the Cariaco Basin
samples. The isolated foraminifera were gently agitated in MeOH and distilled water to displace any
fine-grained material from the shells. The cleaned foraminifera were then examined under the
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microscope to confirm the cleanliness and integrity of the shells before being submitted to the
National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility for subsequent 14C
analysis. Samples were prepared for AMS using conventional procedures (McNichol et al. 1994).
All sample sizes were larger than 1 mg C and yielded 14C results at full precision (<5‰). Machine,
source, and graphitization blanks at NOSAMS are also negligibly small in the context of discussing
potential influences of solvent treatments on foraminiferal 14C (Pearson et al. 1998).
The δ13C values of Bermuda Rise samples were measured at NOSAMS using a small aliquot of CO2
gas produced by the acid hydrolysis (McNichol et al. 1994). In contrast, the δ13C values of Cariaco
Basin samples were determined independently from the ∆14C measurements at one of the author’s
(LDK’s) laboratory. The analytical precision for each method is less than or equal to ±0.10‰.
RESULTS AND DISCUSSION
Bermuda Rise Sediment
Table 1 summarizes 14C and 13C results from the samples investigated in this study. Figure 1 shows
∆14C values of G. ruber and G. inflata collected from the Bermuda Rise sediments as a function of
δ13C. The ∆14Cruber ranged from –136 to –149‰, whereas ∆14Cinflata varied from –150 to –163‰,
with the ASE-extracted samples being the highest (youngest) for both species (Table 1). The agree-
ment between duplicate ∆14C measurements of G. inflata is in each case within the precision of the
method.
Table 1 Summary of δ13C and AMS 14C analytical results of planktonic foraminifera from Bermuda
Rise and Cariaco Basin sediments.
Site Core Extraction Foraminifera
δ13C
(‰; PDB)
∆14C
(‰ ±1 σ)
14C age
(BP)
Bermuda Rise BC9 ASEa
aAccelerator solvent extractor.
G. ruber 0.32 –131.2 ± 4.3 1130 ± 40
G. inflata 0.61 –145.2 ± 4.2 1260 ± 35
G. inflata 0.71 –147.3 ± 4.8 1280 ± 45
Soxhlet G. ruber 0.60 –144.1 ± 3.7 1250 ± 35
G. inflata n.d.b
bNot determined.
–148.4 ± 4.2 1290 ± 40
G. inflata 0.71 –148.4 ± 4.8 1290 ± 45
Unextracted G. ruber 0.61 –136.6 ± 3.8 1180 ± 35
G. inflata 0.64 –153.6 ± 3.7 1340 ± 35
G. inflata 0.67 –157.8 ± 4.2 1380 ± 40
Cariaco Basin 58PC ASE G. ruber 0.00c
cδ13C values were determined independently from ∆14C measurements.
–698.8 ± 1.9 9640 ± 50
G. bulloides –2.12c –701.4 ± 2.0 9710 ± 55
G. bulloides n.d. –698.4 ± 2.2 9630 ± 60
Soxhlet G. ruber 0.36c –705.9 ± 2.0 9830 ± 55
G. bulloides –1.86c –709.1 ± 2.2 9920 ± 60
G. bulloides n.d. –705.9 ± 2.0 9830 ± 55
Unextracted G. ruber –0.03c –704.0 ± 4.0 9780 ± 110
G. bulloides –2.05c –697.7 ± 2.2 9610 ± 60
G. bulloides n.d. –702.9 ± 2.6 9750 ± 70
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Greater variability is observed in the 13C data. While the δ13C values of G. inflata generally vary
within a narrow range (between 0.60 and 0.71‰), the ASE-extracted G. ruber yield a δ13C value
(0.32‰) that is depleted relative to the corresponding Soxhlet-extracted (0.60‰) and unextracted
samples (0.61‰). Deuser and Ross (1989) reported that δ13Cruber in modern sinking particles range
from 0.4 to 1.2‰ seasonally based on analyses of time-series sediment-trap samples from the Sar-
gasso Sea (32°05′N, 64°15′W). Given that surface water hydrology about 1200–1400 14C yr ago is
unlikely to have been substantially different from the present day, and that δ13C values of individual
planktic foraminifera in these sediments can vary substantially (L D Keigwin, unpublished results),
we conclude that these δ13C variations are consistent with the ecology of G. ruber and G. inflata. 
The ∆14Cruber values for both Soxhlet-extracted and unextracted samples are isotopically enriched
compared to ∆14Cinflata, by 4 and 17–21‰, respectively. The difference in ∆14C between these 2 spe-
cies may be explained by differences in dissolved inorganic carbon (DIC) ∆14C resulting from the
different seasons and depths at which these species precipitate their shells. G. inflata grows in the
surface mixed layer (~75 m) mainly from February to March when upwelling is strengthened,
whereas G. ruber lives in the uppermost euphotic zone from summer to autumn when surface waters
are stratified due to the presence of a seasonal thermocline in the lower euphotic zone (Deuser and
Ross 1989). Therefore, when G. ruber precipitates the shell, the DIC in the surface water should be
more strongly influenced by atmospheric CO2, which is relatively enriched in 14C. In contrast, dur-
Figure 1 A ∆14C-δ13C plot of planktonic foraminifera G. ruber and G. inflata from Bermuda
Rise sediment OCE326-BC9C. Note that one of the δ13C values of G. inflata from the
Soxhlet-extracted sediments was assumed to have the same δ13C value as the other duplicate.
All ∆14C errors are 1 σ.
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ing calcification of G. inflata, surface water DIC is more strongly influenced by the upwelling of
deeper water. Based on the 1972–1973 GEOSECS data, Broecker and Peng (1980) estimated an
annual amplitude of ∆14C of the DIC in the surface water near Bermuda Island (around 35°N, 50°W)
of about 35‰. The seasonal variation of surface water ∆14CDIC before anthropogenic perturbation is
likely to have been significantly smaller because of the reduced difference of ∆14C between atmo-
spheric CO2 and upwelled DIC compared to post-bomb values (Levin et al. 1985). In this sense, the
4‰ difference observed in the Soxhlet-extracted sediments may be more reasonable than that of the
unextracted and ASE-extracted samples, which show larger differences. In each case, however,
these variations are close to the precision of the measurement. As far as the Bermuda Rise sediment
sample is concerned, we therefore conclude that the differences in foraminiferal ∆14C values in the
unextracted, Soxhlet-extracted, and ASE-extracted samples are small and do not introduce any sig-
nificant uncertainty into the age determinations.
Cariaco Basin Sediment
Some variability was observed in the 13C data from Cariaco Basin sediments (Figure 2). Both the
δ13C values of G. ruber and G. bulloides generally vary in the range of –0.03 and 0.36‰, and –2.12
and –1.86‰, respectively. The Soxhlet-extracted samples of both species are somewhat enriched in
13C (~0.4‰) relative to the corresponding ASE-extracted and unextracted samples.
Figure 2 A ∆14C-δ13C plot of planktonic foraminifera G. ruber and G. bulloides from Cariaco
Basin sediments (PL07-58PC). Note that the δ13C of these foraminifera were independently
determined using foraminifera shell different from those where ∆14C were measured. We
assumed that the G. bulloides have the same δ13C values as the other duplicate. All ∆14C
errors are 1 σ.
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The ∆14C results from the Cariaco Basin exhibit a slightly different pattern from those of the Ber-
muda Rise (Figure 2, Table 1). The Soxhlet-extracted samples yielded ∆14C values that are some-
what (<10‰) lower than those of the corresponding ASE-extracted sediment for both G. ruber and
G. bulloides. Although the differences are within error, it is interesting to note that the ∆14Cruber is
1.1 and 1.6‰ higher than the average ∆14Cbulloides value in the ASE- and Soxhlet-extracted samples,
respectively, whereas it is 3.7‰ lower than ∆14Cbulloides in the unextracted samples. Theoretically,
the ∆14Cruber should be somewhat higher than ∆14Cbulloides, consistent with the results of the extracted
samples, because G. ruber is specific to the warmer temperatures of the non-upwelling rainy season
(July–November), whereas G. bulloides is a colder-water species that grows in the upwelling season
(January–April) (Lin et al. 1997). Unfortunately, no direct information is presently available on the
seasonal ∆14CDIC variation in the surface water of Cariaco Basin, and thus we cannot quantitatively
verify the difference observed in this study.
Since blank levels of machine, source, and graphitization are minimal for large samples such as
those examined here (>1 mg C; Pearson et al. 1998), the ∆14C variations observed in the Bermuda
and Cariaco samples could reflect varying degrees of contamination of the sample itself. Foramin-
iferal shells have various potential sources of contamination: fine-grained material that contains car-
bonate and organic matter trapped within the chambers, secondary carbonate encrusted on the shell,
organic matter in the carbonate lattice, and adsorbed atmospheric CO2. Schleicher et al. (1998) sys-
tematically investigated the 14C-blank level of foraminiferal samples and concluded that the major
14C contamination is derived from carbonate rather than from organic matter. Although this study
did not address contamination by infinite 14C-age materials (fossil C) due to the use of 14C-free (14C-
dead) foraminifera, some of these contamination sources, including carbonate, may exist in our sam-
ples because it is difficult to ensure complete removal of all exogenous carbon. The ASE- and
Soxhlet-extracted samples may have additional carbon due to the presence of residual solvent
(known to be 14C-dead) or a small amount of impurities in the solvent.
Figure 3 summarizes the differences in foraminiferal ∆14C between unextracted and extracted
sediments. There appear to be no major differences between extracted and unextracted samples.
Importantly, the differences are generally small (<10‰) and close to the precision of the AMS 14C
measurement. Although variations are minor, some systematic differences are apparent. One consis-
tent feature is that the ∆14C values of foraminiferal carbonate from the ASE-extracted sediments are
2–8‰ higher than those from the corresponding Soxhlet-extracted sediments (Figure 3). Because
the solvents are not expected to cause dissolution, we consider it unlikely that ASE treatment
exposes fresh calcite surfaces that promote CO2 adsorption. A more likely explanation is that foram
treatment for 14C typically includes repeated sonication, but not crushing the chambers to expose the
interior. It is possible that carbonate particles might possibly persist after sonication but are removed
by high temperature and pressure solvents in the ASE.
Overall, the differences in foraminiferal 14C between unextracted and solvent-extracted sediments
from both the Bermuda Rise and the Cariaco Basin are small and approach the precision of the mea-
surement. Based on these findings, we conclude that little accuracy is sacrificed in working with sol-
vent-extracted as opposed to non-extracted sediments.
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